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ABSTRACT 
Perfluorooctanoic Acid (PFOA) and Perfluorooctane Sulfonate (PFOS) are two 
of the most biopersistent and bioaccumulative toxins in our environment today. The EPA 
has listed them as potential human carcinogens and has set an advisory limit for these 
chemicals of 70 ppt in water. Research has shown that advanced oxidation processes and 
ionizing radiation have had success in breaking down these chemicals. This study aims 
to show the efficacy of one of these processes, electron beam (eBeam) technology, in 
breaking down PFOA and PFOS. Building on past research and existing work done at 
the Texas A&M National Center for Electron Beam Research, two major studies were 
designed to elucidate the dose and conditions needed to facilitate the complete 
breakdown of these chemicals.  
Based on a review of literature, the first study examined the breakdown of PFOA 
and PFOS at relatively low doses (10 kGy and 50 kGy) with and without chemical 
amendments (NaHCO3, NaNO3, and pH 13). The results showed that 50 kGy with 
amendments was the optimal treatment for complete breakdown of PFOA in all 
matrices, but not for PFOS. Based on these results, a second study focused on the 
breakdown of PFOS at much higher doses (500 kGy and 2000 kGy) was designed. This 
study showed that the optimal conditions for complete breakdown PFOS were 2000 kGy 
and high pH in lab-spiked water and sand samples. In investigation derived soil samples, 
complete breakdown of PFOS was achieved at the same dose with a low moisture 
content and high pH. Future studies should focus on the effectiveness of the conditions 
ii 
iii 
tested at 2000 kGy on a variety of field samples, as well as elucidating the breakdown 
mechanisms of PFOA and PFOS when subjected to eBeam technology.  
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NOMENCLATURE 
PFASs: Perfluorylalkyl Substances  
PFOA: Perfluorooctanoic acid  
PFOS: Perfluorooctane sulfonate 
PFBA: Perfluorobutanoic Acid 
PFBS: Perfluorobutane sulfonate 
POPs: Persistent Organic Pollutants 
GAC: Granular Activated Carbon  
eBeam: Electron Beam  
e-aq: Aqueous Electrons 
AFFFs: Aqueous Fire Fighting Foams  
ECF: Electrochemical Fluorination 
TFE: Tetrfafluoroethylene 
BDE: Bond Dissociation Energy 
CDC: Center for Disease Control 
EPA: Environmental Protection Agency 
AE: Anion Exchange 
PWT: Plasma-based Water Treatment 
LINAC: Linear Accelerator 
MeV: Million electron volts 
kW: kilowatts  
PPE: Personal Protective Equipment 
DUR: Dose Uniformity Ratio 
HPLC: High-Performance Liquid Chromatography 
kGy: Kilograys 
SPE: Solid Phase Extraction 
LC-MS/MS: Liquid Chromatography-Tandem Mass Spectrometry 
IMAC: Integrated Metabolomics Analysis Core 
IDW: Investigation-Derived Waste 
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CHAPTER I: INTRODUCTION 
Since the first publication on the widespread distribution and bioaccumulation of 
Perfluorooctane Sulfonate (PFOS) in 2001,1 there has been a near-constant influx of data 
regarding the toxicity and persistence of these manmade chemicals called Per- and 
Polyfluorylalkyl Substances (PFASs). PFASs have been associated with a number of 
adverse health effects in both humans and animals when ingested in toxic amounts,2 
including but not limited to low birth weight,3 high blood pressure,4 and pancreatic and 
liver tumors in rats.5 Among this expanding and still relatively uncharacterized and 
unquantified class of chemicals are two 8-carbon molecules; Perfluorooctanoic Acid 
(PFOA) and Perfluorooctane Sulfonate (PFOS). These large, amphiphilic molecules 
(meaning the molecules are made up of both hydrophobic and hydrophilic structures) are 
resistant to degradation and most environmental remediation technologies 6 and are 
therefore characterized as Persistent Organic Pollutants (POPs). Their amphiphilic 
nature and the strength of the carbon-fluorine bond (116 kcal/mol) in these compounds 
makes traditional contaminant removal methods in water and soil ineffective.7,8 
Therefore, a significant need for PFAS remediation technologies exists.  
Of late, there has been a heightened focus of ongoing research on removal technologies 
such as Granular Activated Carbon (GAC) and ion exchange resins. Degradation 
technologies such as plasma-based methods,3 and ionizing radiation technologies such as 
gamma irradiation9 and electron beam irradiation are now gaining increased attention.10 




energized electrons generated using electron accelerators. These electrons, on making 
contact with the target material can cause direct or indirect damage to bacterial DNA and 
chemicals.11,12 When electrons interact with water, the following oxidative/reductive 
radical species are formed: 
 0.7H2O 
𝐼𝑜𝑛𝑖𝑧𝑖𝑛𝑔 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
→                [0.27]e-aq + [0.28]∙OH + [0.06]∙H + [0.07]H2O2 + [0.27]H3O+ + [0.05]H2 (1)  
Equation (1) shows the amount of each radical species produced per 10 eV of energy 
absorbed by water.13 As PFASs are highly oxidized, radical species with high oxidation 
potential such as ∙OH are unlikely to damage the compounds themselves (although they 
do have the ability to oxidize organic compounds in field samples that would otherwise 
interfere with the reaction).3 The radical species of importance for the breakdown of 
PFOA and PFOS are the aqueous electrons (e-aq), which have a high reduction potential 
and are thought to perform reductive dehalogenation, during which PFASs are destroyed 
through defluorination via a single-electron transfer with fluorine atoms on PFAS 
molecules.14  
The goal of this research project was to conduct experiments investigating the 
efficacy of eBeam technology to break down PFOA and PFOS and determine the dose 
and conditions optimal for maximum breakdown. This was achieved through two 








CHAPTER II: REVIEW OF LITERATURE 
 
Perfluorylalkyl Substances (PFASs) 
 
Origin of PFASs 
PFASs were originally discovered and synthesized during the Manhattan Project 
in the 1940s.15 The strength of the carbon-fluorine bond and the amphiphilic nature 
(solubility in both water and lipids) of the molecules were eventually utilized to make 
products such as non-stick coating for cookware (Teflon™ manufactured by DuPont), 
fabric protectants (Scotchgard™ manufactured by 3M), and Aqueous Fire Fighting 
Foams (AFFFs). After years of toxicology testing, 3M entered into a voluntary 
agreement with the EPA to phase out PFASs as they were a confirmed animal 
carcinogen and a potential human carcinogen.16 However, as Dupont continued to 
dispose of PFAS waste into water systems such as the Ohio River, PFASs (primarily 
PFOA and PFOS) began to spread throughout the United States.17 The contamination of 
this single watershed led to the spread of the chemicals into surrounding ecosystems, 
including soil, agriculture, livestock, and native flora and fauna.18–20 This sequence of 
events created a domino effect which resulted in PFASs existing in the blood of the vast 
majority of the human population as of 2020.21  
There are two primary methods of production for PFASs: Electrochemical 
Fluorination (ECF) and Telomerization. ECF involves the complete replacement of 




accomplished first by dissolving the starting material in anhydrous HF.22 The dissolved 
organic material is then fluorinated at the anode of an electrochemical cell. The entire 
reaction is commonly referred to as the Simons process.23 The Simons process is 












The other primary method for producing PFASs is a process called 
Telomerization. The first step of the reaction involves two molecules: a telomer (a 
polymer consisting of a carbon chain completely saturated with non-hydrogen atoms),24 
which is always a perfluoroalkyl iodide (CF3I); and a taxomer (a polymerizable 
molecule),25 which is tetrafluoroethylene, or TFE (C2F4).
26 The catalysts for this reaction 
are historically organic peroxides, which are used in the initiation step to produce the 
radical species needed for chain propagation.27 This process produces the intermediate 
Figure 1. Simmons process of electrochemical fluorination using nickel anodes 




compounds known as fluorotelomers, which are now included in the screening of PFAS 
contaminants.28 The principal steps of telomerization are described in Equation (2): 
 
 
Initiation:   𝐶𝐹3𝐼 + 𝐶2𝐹4 → 𝐶𝐹3 •  +𝐼 •               (2) 
   𝐶𝐹3 •  + 𝐶𝐹2 = 𝐶𝐹2 → 𝐶𝐹3𝐶𝐹2𝐶𝐹2 • 
Propagation:             𝐶𝐹3𝐶𝐹2𝐶𝐹2 •  + 𝐶𝐹2 = 𝐶𝐹2 → 𝐶𝐹3𝐶𝐹2𝐶𝐹2𝐶𝐹2𝐶𝐹2 •          
Transfer:   𝐶𝐹3𝐶𝐹2𝐶𝐹2𝐶𝐹2𝐶𝐹2 •  +𝐶𝐹3𝐼 →  𝐶𝐹3𝐶𝐹2𝐶𝐹2𝐶𝐹2𝐶𝐹2𝐼 +  𝐶𝐹3 •                     
Termination:   2𝐶𝐹3 • →  𝐶𝐹3𝐶𝐹3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
PFASs still in production today continue to be synthesized via either ECF or 
Telomerization. Although PFOS and PFOA were voluntarily phased out in the early 
2000s, many chemicals in this class are still currently in production.29  
Structure and Chemistry 
The chemical structures of PFASs such as PFOS and PFOA are unique for 
several reasons: the chemical properties of elemental fluorine, the strength of the 
fluorine-carbon bond, and the amphiphilic nature of the molecules.  
Fluorine is a highly reactive halogen with a molecular weight of 18.998 g/mol. 
Fluorine is also the most electronegative element on the periodic table, and therefore 
easily attracts pairs of bonding electrons. Furthermore, fluorine has an electron affinity 
of 83.5 kcal, which refers to the amount of energy released when an electron is added to 
fluorine to form a negative ion. However, it also has an extremely high ionization energy 




from fluorine in gaseous form.26 All of these properties form an element that is 
extremely receptive to covalently bonding to atoms such as Carbon, and once bonded, 
are very difficult to remove. 
The carbon-fluorine (C-F) bond is often referred to as the strongest bond in 
organic chemistry.30 This covalent bond shortens in length as more fluorine is added to a 
carbon, thereby increasing its strength.31 As the hydrophobic tails of PFOS and PFOA 
(Figure 2) are comprised completely of fluorine covalently bonded to carbon, these 
chains have incredibly high Bond Dissociation Energies (BDE), with a fluorocarbon 
chain (CF3CF2 (CF2CF2)n) having a BDE of 371.8 kJ/mol.
32 Additionally, the 
relatively small atomic radius of fluorine covalently bonded to carbon (0.72 Å) allows 
for the fluorine atoms to completely shield the carbon atoms and bonds without 
introducing steric hindrance.26 Paired with the previously discussed properties of 
fluorine itself, the near-unbreakable nature of the C-F bond makes PFASs extremely 









Covalently bonded fluorocarbon 
chain comprises the hydrophobic 
tail of PFOA 
 
The carboxylic acid functional 
group of PFOA forms the 
hydrophilic head of the molecule. 
In PFOS, this functional group is 
replaced by sulfonate 
 





The amphiphilic nature of PFASs is defined by their having a hydrophobic/oleophobic 
fluorocarbon tail and a functional group serving as the hydrophilic head (Figure 2).26 In a 
solution that contains both water and organic solvents, the hydrophobe also acts as the 
lyophobe (repels solvated organic molecules). In solution, the hydrophilic functional 
head will orient itself towards water molecules, with the fluorocarbon tail facing away.33 
Since the functional groups of PFOS and PFOA are hydrophilic and the tails 
hydrophobic, they persist in water systems without fully dissolving and can be carried 
long distances.34 This incredibly versatile structure significantly contributes to the 
biopersistence and stability of PFASs. 
Toxicity 
The question of whether PFASs are toxic to human and animal health has been 
investigated at length by both the producers of these chemicals as well as by government 
and academic researchers. In animals, PFOA and PFOS are confirmed carcinogens,35 
however, they are still classified as suspected carcinogens in humans.36 PFOA and PFOS 
have both been confirmed to cause several other adverse health effects in humans, 
including but not limited to: high blood pressure, thyroid disruption, low infant birth 
weight, and physical deformities in newborns.2,37,38 Additionally, PFOA and PFOS have 
long half-lives and resist breakdown in humans.39 This leads to bioaccumulation of 
PFASs, which collect in the liver, lung, brain, stomach, and many other organ tissues 
(varies by type of PFAS most prevalent in the region).40 The most prevalent and most 
studied health effects from PFAS ingestion in humans are: thyroid disruption, high blood 




disruption exceed 400, and several robust studies made links between PFAS exposure 
and abnormal thyroid activity.42 Lewis et al. reported on data provided by the Center for 
Disease Control representing a majority of the US population, which saw a significant 
positive correlation between PFAS exposure and increased thyroid function.43 Shrestha 
et al. similarly reported that fT4 and T4 (hormones commonly used as a benchmark to 
measure thyroid function) increased with increasing exposure to PFOS and PFOA in 
elderly patients surveyed in areas adjacent to the Hudson River in New York State.44 The 
same study suggested that PFAS exposure is a prevalent health risk as even a small 
change in thyroid activity can have serious effects on cognitive function.  
Several studies representative of various target populations (young adults 20-29, 
adolescents, etc.) have reported a positive association between PFASs and/or diastolic 
and systolic blood pressure. Min et al. showed a significant increase in systolic blood 
pressure as serum levels of PFOA increased among a representative sample of US 
adults.45 Bao et al. showed similar results, reporting that this increase in blood pressure 
was likely caused by oxidative stress brought on by PFAS exposure. These authors also 
reported that branched isomers of PFASs were more likely responsible for increased 
blood pressure than their linear counterparts, however branched isomers were not 
investigated in most other studies on this subject.46 In adolescent males, Ma et al. 
showed a positive correlation between PFOS serum concentration and increase in 
diastolic blood pressure, with no such association existing in adolescent females.3 
Conversely, a positive association between hypertension and increased levels of PFOA 




hypertension is one of the leading causes of death worldwide, the links made between 
high blood pressure and PFAS serum concentration have serious implications for human 
health.46  
Long before any academic studies were performed, 3M and DuPont suspected 
that PFOA exposure led to potential birth defects, which resulted in the removal of 
pregnant employees from the Teflon processing line at DuPont.47 There have been 
hundreds of studies to date that focus on fetuses accumulating various PFASs in serum 
via maternal transfer.48 A majority of review papers on the subject suggest that there is a 
correlation between maternal PFAS exposure and various birth defects such as decreased 
birth weight, shorter than average length after birth, and decreased head 
circumference.49,50 Unfortunately, the most common PFAS associated with these defects 
is PFOA, which is also currently one of the most abundant PFASs detected in field 
samples.49  
 Although the human carcinogenicity of PFASs can only be classified as 
suspected, animal carcinogenicity has been confirmed via hundreds of studies.51 Various 
lifetime studies concerning the effects of PFOA and PFOS on rats have reported a direct 
link between PFOA-induced activation of PPARα and development and growth of liver 
tumors.52 Other tumors in rats (pancreatic, testicular) with a direct link to PFOA 
exposure have been confirmed, but without a clear mechanism of formation.41 The C8 
Science Panel (formed via a class-action suit against DuPont by Ohio River Valley 
residents) made links between PFOA exposure and testicular and kidney cancers, which 




workers).38 Additionally, the EPA has now classified both PFOA and PFOS as possible 
carcinogens based on the results of the C8 panel and countless studies since.53 
 
Biopersistence and Bioaccumulation 
To date, there have been hundreds of studies pertaining to the biopersistence and 
bioaccumulation of PFASs in the environment.19,20,54 Multiple PFASs have been found 
in quantifiable amounts in areas as remote as the arctic tundra.55 Additionally, as PFASs 
are soluble in water, they can travel long distances if entering a watershed or ocean 
current.54 PFASs are reported to be impervious to natural methods of breakdown such as 
oxidation and can completely permeate any ecosystems that they enter depending on the 
extent of the contamination. Bioaccumulation has been observed in multiple types of 
ecosystems and food chains throughout the world; plants absorb contaminated water 
through their roots, insects and animals consume contaminated plants and water, and the 
contamination moves up through the food chain (even exposing humans through 
contaminated plants and animals).19,20 Bioaccumulation has been especially prevalent in 
aquatic animals such as fish, which in turn exposes their natural predators as well as 
humans.56,57 The extent of biopersistence and bioaccumulation of PFASs has made them 











As PFASs have become more of a public health concern, government regulatory 
agencies have sought effective methods of removal especially from groundwater and 
surface water resources. The most popular method of removal to date is the 
implementation of Granular Activated Carbon (GAC) filters in water treatment 
systems.10 PFASs sorb to these filters via ion exchange and are being implemented into 
wastewater treatment plants. However, the principle behind these filters does not involve 
destruction, only removal. The removal efficiencies for PFOS and PFOA for an in-use 
GAC filter are 80% and 60-70%, respectively.58 However, sorption efficiency can be 
impacted in multiple ways. Firstly, dissolved organic carbon (DOC) can interfere with 
sorption of multiple PFASs.58 Secondly, the sorption of longer-chain PFASs such as 
PFOA and PFOS can prevent shorter-chain PFASs such as PFBA and PFBS from 
remaining adsorbed to the carbon.59 This is especially significant as PFBA and PFBS 
largely replaced PFOA and PFOS in the mid-2000s; therefore, they are abundant in the 
environment.60 Thirdly, time it takes for a filter to be considered spent varies depending 
on the amount of contamination in the water.61 Additionally, these filters cannot be used 
to treat PFAS-contaminated soils. The other two common removal methods, Anion 
Exchange (AE) resin and membrane nanofiltration, yield similar benefits and drawbacks 
to GAC filters. In general, AE resin removes PFASs more efficiently via sorption when 




are highly contaminated and need to be disposed of, destroyed, or regenerated with 
extreme caution.58 Furthermore, AE resins encounter issues such as sorption interference 
similarly to GAC (DOC and chain length interference).58 One of the biggest challenges 
in using AE resin is selecting the correct material. Polyacrylic resins are more efficient 
for removing PFOS and PFOA, but polystyrene resins favor shorter chains like PFBA 
and PFBS. These conditions make selection of a resin for multiple PFASs at various 
lengths difficult.62 The most significant drawback regarding membrane filtration stems 
from the fact that shorter-chain PFASs with smaller molecular weights can often pass 
through the filter if the pores are too large or made specifically for larger PFASs such as 
PFOS and PFOA (which are both C8).63 Overall, these methods still have the same 
overarching drawback as GAC filters; the PFASs are not destroyed, only removed. An 
additional step is still needed to completely destroy the PFASs and prevent them from 
reentering the surrounding ecosystems.  
Destruction 
As the aforementioned removal methods work best for contaminated water 
supplies, other methods must be employed to remediate contaminated solids (sediments, 
plants, manufacturing byproducts). Currently, the most commonly used method of PFAS 
destruction is incineration at temperatures exceeding 600oC.10 There are several issues 
with this method, the first and most important being that several studies have shown that 
even at extremely high temperatures, incineration is not necessarily completely effective 
in destroying PFASs if the temperature threshold is not met.64 Additionally, this method 




the surrounding environment.65 This method also involves the complete destruction of 
the contaminated materials; contaminated solids cannot be remediated for integration 
back into the environment. Finally, both the environmental and financial costs of 
incineration are high. Incineration releases a multitude of greenhouse gases into the 
atmosphere, such as HF and CO2.
66 Although incineration at the proper temperature 
(generally exceeding 600oC) is considered effective,67 the cost of operating such a 
system safely is more expensive than other more effective methods of removal and/or 
destruction.68  
One of the newer remediation methods for contaminated materials is referred to 
as plasma-based water treatment (PWT).10 This method relies on a plasma reactor, which 
uses the high voltage to generate in situ radical species such as aqueous electrons and 
hydroxyl radicals.69 Stratton et al. reported that oxidant species (i.e. hydroxyl radicals) 
do not play a significant role in breakdown of PFOA, and that the most significant 
contributor to PFOA destruction in plasma was aqueous electrons (e-aq).
70 As this 
method can be effectively temperature-controlled and would work well in existing water 
treatment systems, it is gaining popularity as a means for destroying PFASs such as 
PFOA.71 However, Singh et al. reported the generation of byproducts during PFOA and 
PFOS destruction, including PFHpA, PFHxA, and PFOA (during PFOS breakdown).71 
Although not yet implemented for PFAS destruction, Electron Beam (eBeam) 
technology is currently being investigated as an efficient and effective method. eBeam 
technology employs an accelerator to produce highly energized electrons that are 




historically been used for phytosanitation of fresh produce, treatment of imported spices 
to prevent mold and bacterial growth, sterilization of medical devices, and cross-linking 
in polymers and electrical wiring.72 For PFAS destruction, eBeam has the ability to 
physically breaks the C-F bond which is integral to the molecules’ incredible stability. 14 
eBeam technology has been shown to effectively break down both PFOS and PFOA at 
various doses and is currently one of the most promising methods of PFAS 
destruction.3,73  
 
Electron Beam (eBeam) Technology 
 
Technology and Setup 
The principle behind eBeam technology lies in the use of highly energized 
electrons that can cause both direct and indirect damage to DNA and chemicals. This is 
accomplished via an accelerator, which energizes the electrons to just below the speed of 
light before they exit through a magnetic scanner.72 The accelerator itself operates at an 
energy described in MeV and power measured in kW (Figure 3). Currently, 10 MeV is 
the highest energy allowed in the US for processing food (higher energies can trigger 
neutron activation, which would result in transient radiation).74 However, even at 10 
MeV eBeam is classified as ionizing radiation because it is able to remove tightly bound 












There are two mechanisms through which eBeam destroys DNA and chemicals: direct 
and indirect damage. Direct damage is the result of electrons colliding with atoms and 
discharging an electron from its orbit. This enables the ejected electron to repeat the 
process, causing a cascade of reactions in a matter of seconds (Figure 4).14 Indirect 
damage is caused when radical species formed by the electrons reacting with water cause 









Both direct and indirect damage are able to cause injury to bacterial DNA (making it an 
effective process for non-thermal sterilization), break down chemicals originating from 
Figure 3. Schematic of Linear Accelerator (LINAC) in eBeam system 
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pharmaceutical and industrial waste, and provide phytosanitation to fresh produce.3,75 
One of the emerging uses for eBeam is water and sludge treatment, which uses a pump-
and-treat approach, to remediate and reclaim these waste streams for further use.76 
The rising popularity of eBeam technology can be attributed to several factors. Firstly, 
the only source of energy for accelerators needed for eBeam is conventional electricity. 
Unlike gamma radiation, the accelerators powering an electron beam can be switched on 
and off (whereas gamma has a radioactive source that is constantly emitting radiation).14 
However, eBeams do require concrete shielding to protect facility workers while the 
beam is on. Secondly, eBeam has been widely studied throughout the 20th and 21st 
centuries, with many uses already identified and put into practice. These applications 
include (but are not limited to): water remediation, medical device sterilization, 
irradiation of imported spices, phytosanitation, cross-linking of polymers, and vaccine 
manufacturing and research.12,13,72,73 Thirdly, eBeam is widely considered to be much 
safer and cheaper than similar alternatives. The cost of operating conventional electricity 
versus radioactive materials is much lower as eBeam does not require the same level of 
security measures, energy output is constant, and appropriate safety protocols have 
already been developed for operations (including dose-mapping and irradiation).14  
Proposed Breakdown Mechanism  
The unique reactions that eBeam produces vary from matrix to matrix but have 
been well quantified in water. Equation (1) shows the radical species produced in water 
for every 0.1 MeV energy absorbed:  
0.7H2O 
𝐼𝑜𝑛𝑖𝑧𝑖𝑛𝑔 𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛




As shown in Equation (1), several radical species of both oxidative and reductive natures 
are produced upon interacting with water. Radical species with high oxidation potential 
(i.e. hydroxyl radicals) would not cause destruction to a highly oxidized chemical such 
as PFOA or PFOS.14 In this particular application, highly reductive species, namely  
aqueous electrons, are thought to trigger reductive dehalogenation.26 In this reaction, the 
covalently bonded fluorine atoms undergo a single-electron exchange with electrons 
produced during irradiation (Figure 5).  
 
 




CHAPTER III: EVALUATION OF LOW ELECTRON BEAM DOSES FOR PFOA 




The overall objective of this thesis research was to determine the effectiveness of 
eBeam in breakdown of PFOA and PFOS, and to determine the conditions and doses 
that achieve maximum breakdown. We hypothesized that once optimal breakdown 
conditions were implemented, complete or near-complete destruction of both 
compounds would be achieved. To accomplish this, we utilized the results of previous 
studies and determined the starting doses to be 10 kGy and 50 kGy at anoxic and 
ambient conditions, respectively.3 These doses were examined with multiple additives 
(NaNO3, NaHCO3, NaOH, and N2 sparging) as well as lab-spiked and field samples, and 
analyzed using LC-MS/MS.  
The low-dose portion of this research provided valuable insight into the 
minimum dose required to completely break down PFOA (50 kGy) and established that 
breakdown of PFOS would require much higher doses and possibly adjustment of the 








Materials and Methods 
 
Reagents and preparation of stock solutions 
Analytical grade reagents including Powdered PFOS-K (Perfluorooctane Sulfonate 
Potassium Salt) and Powdered PFOA (Perfluorooctanoic Acid) were obtained from 
Sigma Aldrich (St. Louis, MO) were also obtained from Sigma Aldrich (St. Louis, MO). 
PFASs dissolved in Methanol for preparation of stock solutions or for use as analytical 
standards were purchased from Wellington Labs (Guelph, Ontario).  
Experimental vessels  
High-Density Polyethylene bottles for sample preparation and storage and 
polypropylene bags for transfer were purchased from VWR (Radnor, PA). Alanine 
dosimeters used for dose mapping and dose absorbed were purchased from Bruker 
Scientific LLC (Billerica, MA).  
Electron Beam Treatment 
The eBeam trials were performed at the National Center for Electron Beam 
Research (NCEBR), which is located on-campus at Texas A&M University, College 
Station, TX. This facility is used for both research and commercial projects, and 
employs two 10 MeV, 18 kW Electron Beam Linear Accelerators (LINAC). The dose 
each sample received was previously determined through the use of dose-mapping and 
calculating the speed in feet per minute that the conveyor belt must run at to achieve the 
desired dose. This was achieved by affixing dosimeters beneath, within, and atop sample 




read and used to calculate the dose uniformity ratio (DUR) of each sample. The two 
samples with the DUR closest to one were 10g sand and 50 mL water, so these samples 
were determined to be the best for the eBeam experiments. Dose received was confirmed 
via alanine dosimeters handled by the NCEBR staff dosimetrist. 
Sample Preparation 
To prepare the lab-spiked samples, stock and working solutions were made in the 
chemical fume hood. The determined concentrations were different for each desired 
chemical in each matrix: 5 µg/L PFOA and 10 µg/L PFOS in each water sample, and 10 
mg/kg PFOA and 20 mg/kg PFOS in each sand sample. Each stock was prepared 
separately for water and sand samples, as the concentrations needed for the sand samples 
were not sold in aqueous form. To prepare the stock solution for the water samples, a 
10x dilution in 100% MeOH was made from the pure chemical dissolved in MeOH. The 
stock was then further diluted into a working solution made with HPLC-grade water to 
achieve the desired concentration. PFOA and PFOS were combined into one working 
solution from their respective stocks; the working solution had final concentrations of 5 
µg/L PFOA and 10 µg/L PFOS. 50 mL of working solution was dispensed into 60 mL 
square HDPE bottles for irradiation.  
The working solution for the sand samples was prepared using pure powdered 
PFOS-K and PFOA. Both powders were first dissolved in acetone before being added to 
a 1 L volumetric flask. After the entirety of the pure powder solution was rinsed into the 
flask, the remainder was filled to the 1 L line with HPLC-grade water. The final 




the working solution was added to 10 g of sand to achieve the final concentrations of 
PFOS and PFOA. Sand and water samples were pH-adjusted with 10 N NaOH to 
achieve pH 13. All samples also included the following additives: 0.1M Sodium Nitrate 
(NaNO3) and 1M Sodium Bicarbonate (NaHCO3) to improve the production of aqueous 
electrons during eBeam treatment. Some samples were also sparged and flooded with 
pure nitrogen gas to create a low-oxygen environment.  
 Field samples were collected from Randolph Air Force Base in San Antonio, TX 
and the Texas A&M University wastewater treatment plant in College Station, TX. All 
field samples were stored at 10oC in HDPE bottles and preparation was performed in the 
same manner as lab-spiked samples (in a chemical fume hood with proper PPE). 
eBeam Treatment  
To determine the speed of the belt on which the samples passed through the 
beam, the DUR (Dose Uniformity Ratio) was first calculated. This involved affixing 
alanine dosimeters on top of, within, and beneath each sample, recording the dose 
received, and calculating the ratio of the maximum vs. the minimum dose (desired DUR 
is 1.0). 50 mL and 10 mL of water as well as 10 g and 50 g of sand were tested to 
determine which amount of sample for each matrix achieved the most uniform dose. 
Based on these tests, the samples selected for testing were 50 mL of water and 10 g of 
sand. Two doses of irradiation were initially selected for testing: 10 kGy and 50 kGy. 
Further in the experiment, samples were subjected to the following doses: 50 kGy, 100 
kGy, 250 kGy, and 500 kGy (only water samples were tested at these doses). To achieve 




beam several times, building dose with each pass. After treatment, all samples (control 
and eBeam) were stored at 10oC until analysis. 
Post-eBeam treatment sample processing 
 To ensure that the presence of extraneous organic compounds did not interfere 
with the downstream LC-MS/MS analyses, the experimental samples were purified and 
concentrated using SPE (solid phase extraction) columns (Waters Oasis WAX). The 
water samples, being relatively a relatively straightforward matrix, could be extracted 
immediately after irradiation. The sand samples, which were a mixed solid/liquid matrix, 
had to go through an additional extraction step pre-SPE. This extraction involved adding 
25 mL 0.1% ammonium hydroxide in methanol to each sample and sonicating (Branson 
Model 1800 CPHX series) for one hour. After sonication, the supernatant was poured 
into a new bottle and the process was repeated, combining the supernatants after the final 
sonication. The supernatant was then sonicated for an additional 30 minutes, after which 
1.5 mL of solution was pipetted into a 2 mL centrifuge tube. These samples were then 
further purified using the …From there, each sample was extracted using SPE.   
 The SPE process involved 1 mL Oasis WAX cartridges purchased from Waters 
(Milford, MA) in a vacuum manifold setup that were conditioned with 0.1% Ammonium 
Hydroxide in Methanol three times followed by 100% Methanol three times. After the 
last of the 100% Methanol was through the cartridge filter, 1 mL of each sample was 
loaded into the cartridges and low vacuum was used if necessary. After sample loading, 
each cartridge was washed with 1 mL 25 mM Ammonium Acetate, then dried for 3-5 




0.1% Ammonium Hydroxide in Methanol was completed with vacuum. The elution was 
collected in a separate vial and immediately covered with Parafilm before being 
transferred to 250 µL vials for LC-MS/MS analysis. 
LC-MS/MS Analysis 
PFOS and PFOA were identified and quantified on a triple quadrupole mass 
spectrometer (Altis, Thermo Scientific, Waltham, MA) attached to a binary pump HPLC 
(Vanquish, Thermo Scientific). To provide the most optimal MS conditions, selective 
reaction monitoring (SRM) transitions were identified at a direct infusion rate of 5 










PFOS Negative 499.000 79.917 34.87 137 
PFOA Negative 413.000 368.988 10.23 42 
 
Table 1. Quantitative SRM Transitions for compounds 
SRM (selected reaction monitoring) describes the precursor and product ions 
formed during the two fragmentation stages of LC-MS/MS. This process allows for the 
operator to select fragments (described as m/z, or mass/charge) that will result in the 
least amount of “noise”, and therefore provide results that are easier to interpret. 77 
The injection volume was 10 µL. Chromatographic separation was achieved on a 
Hypersil Gold 5 µm 50 x 3 mm column (Thermo Scientific) maintained at 30 °C using 




acquisition performed by TraceFinder 3.3 (Thermo Scientific). Analysis results were 




Lab-Spiked Samples  
Both lab-spiked water and saturated sand samples showed destruction of PFOA 
post-eBeam treatment at 50 kGy or higher. No decrease was seen at 10 kGy in any 
samples. Although there was an 87.6% breakdown of PFOA at 50 kGy in lab-spiked 
water (Figure 6), the percent breakdown in PFOS in the same samples was only 16.1% 
(Figure 6). The saturated sand samples showed similar breakdown patterns; the 
concentration of PFOA decreased by 86.3% (Figure 7), with the concentration of PFOS 























As shown in Figure 8, the breakdown of PFOS did not increase until the dose reached 






Dose Percent PFOS Reduction 
50 kGy 34.85 
100 kGy 28.08 
250 kGy 29 
500 kGy 40.05 
Table 2. Percent PFOS reduction in lab-spiked water samples at various 
doses 







The percent breakdown at 100 and 250 kGy was nearly the same, whereas the 50 kGy 




Two groups of field samples were irradiated at 50 kGy after being spiked with 
PFOS (10 μg/L) and PFOA (5 μg/L): Post-UV wastewater effluent from the Texas A&M 
Wastewater treatment plant in College Station, TX; and Groundwater collected from a 




monitoring well onsite at Randolph Air Force Base in San Antonio, TX. Each set of 
control and eBeam samples were analyzed using a larger set of analytical standards, and 




















Figure 9. Fate of various PFASs in lab-spiked wastewater 
















Table 3 describes the breakdown (or increase) of each detected PFAS in wastewater 














Wastewater Effluent Groundwater 
6;2 FTS N/A 47.81 
L-PFBA Increase by 19.47 32.29 
L-PFBS 6.66 1.84 
L-PFHxA N/A 100 
L-PFHxS 21.93 20.54 
L-PFOA 93.65 97.79 
L-PFOS 41.19 41.06 
PFPeA N/A 100 





The aim of this study was to discover whether or not PFOA and PFOS can be 
broken down using eBeam technology. If so, researchers further desired to determine the 
amount of breakdown and the dose necessary to achieve it. Furthermore, the overarching 
goal of this research was to achieve complete or near-complete breakdown of PFOA and 
PFOS. Multiple samples analyzed post-eBeam treatment showed near-complete 
breakdown of PFOA at doses of 50 kGy or higher, and 16-40% breakdown of PFOS 
depending on the dose and sample matrix. Although the attempts to break down PFOA 
were highly successful, we determined that a higher dose (possibly combined with other 




existing methods of removal or breakdown, the results of this study showed that eBeam 
has potential in becoming an in situ treatment for both water and soil.  
Traditionally, the most common method of PFAS destruction was incineration at 
temperatures exceeding 600oC.10 This method, which is both costly and involves the 
complete loss of affected materials (soil, water, sludge) has been on the decline in terms 
of popularity in favor of sorption methods or more cost-effective breakdown methods.78 
The current method with the most use in situ is the implementation of granular activated 
carbon, or GAC, filters in water treatment facilities. When compared to GAC and other 
alternative removal processes (such as anion exchange resin), eBeam continued to 
outperform every method in terms of success rate (i.e. removal efficiency of GAC vs. 
percent breakdown of PFOA via eBeam).62,79,80 As previously mentioned, another highly 
successful treatment has been found in plasma-based systems, but to our knowledge is 
not yet widely used by water treatment facilities.71,81 
Granular activated carbon is a widely used sorption method for chemical 
contaminants such as PFASs in water treatment plants. However, unlike eBeam 
treatment, which can break down PFASs, GAC is only effective for removal. 
Additionally, spent GAC is heavily contaminated and must still be disposed of via 
incineration or a similarly effective method8. Compared to eBeam treatment, which saw 
97.79% breakdown of PFOA in groundwater and 93.65% breakdown in wastewater 
effluent, GAC’s ability to sorb PFASs can vary based on presence of organic matter, 
type of PFAS, carbon fouling, and pre-washing of the filters (however, there is some 




removal efficiency).63,82 Similarly to GAC, anion exchange (AE) resins do not function 
uniformly throughout all matrices or for all PFASs; certain anionic compounds can 
interfere with the removal process.62 More experimentation will be necessary to 
determine the most effective way to break down all PFASs in water using eBeam 
technology, however, lack of interference from organic matter in the wastewater effluent 
and groundwater in this study demonstrated by the successful breakdown of PFOA 
showed the potential of eBeam in water remediation applications.  
The choice to include additives such as sodium carbonate and sodium nitrate was 
motivated by previous literature that showed a linear relationship between defluorination 
efficiency and carbonate/nitrate concentration.3 Similarly, the decision to increase the 
pH of each sample to 13 stemmed from literature that showed that the degradation rate 
of PFOA increased twenty-fold after increasing the pH from 7 to 13.9 These additives 
proved to be effective for breakdown of PFOA, but the increased breakdown of PFOS 
was mediated by increased dose (Figure 8).  
Based on the results of this study, breakdown of PFOS increased with dose 
received. This is reflected in literature (although few publications currently exist); a 
previous study employed doses of up to 2000 kGy to achieve complete or near-complete 
breakdown of PFOS.83 Another study produced similar results and further postulated that 
aqueous electrons were the major route of degradation in water samples without 
additives, and these samples produced the highest amount of PFOS degradation.73 These 
findings further strengthen the notion that the dominant factor in eBeam-mediated 




As mentioned previously, the aqueous electrons produced during eBeam 
treatment are strong reductive agents; PFASs undergo a single-electron exchange with 
aqueous electrons that results in defluorination of the PFAS.14 Based on this concept and 
the complete breakdown of PFOA in all water samples treated at 50 kGy or higher, 
eBeam treatment has proven to be an effective method for breaking down PFOA in 
water.  
Presently, few methods of remediation and/or disposal exist for PFAS-
contaminated soils. Most publications investigate the chemical interactions of PFASs 
with soil and groundwater, which are critical to forming a robust method for 
remediation. Prior studies have demonstrated that PFASs with C-F chains of 11 
molecules or longer predominantly sorb to soil particles,84 with shorter chains favoring 
water molecules in the pores of the soil.85 With the focus of this study being on PFOA 
and PFOS (both eight-Carbon chains), one study of particular interest demonstrated that 
PFOS had a higher affinity for soil particles than PFOA.18 It is unclear how these 
characteristics contribute to the breakdown of PFOA or PFOS, since the results of the 
saturated sand samples mirrored those of the water samples. Although no soil 
experiments were included in this chapter, from previous literature and results, there is 
reason to believe that soil samples with a higher moisture content would further mediate 
the breakdown of these chemicals, especially PFOA. For this reason, (and for ease of 
extraction), sand samples were completely saturated with water to encourage the 




As previously stated, incineration of affected materials is on the decline due to 
inefficiency and cost. The EPA states that one of the most promising methods of 
remediating PFAS-contaminated soil is soil sorption technology, which immobilize 
PFASs in soil before they are able to contaminate surrounding groundwater.86 After 
sorption, remediation would still involve either a pump-and-treat approach, or spent 
sorption materials would need to be incinerated.  
There is currently a lack of diverse publications on destruction of PFASs in soil 
for remediation purposes. However, the results of this study were promising; 86.3% 
breakdown of PFOA and 27.6% breakdown of PFOS were achieved in lab-spiked 
saturated sand samples. As these samples were only meant to simulate soil samples, 
more research is needed to determine the success rate of eBeam in destroying PFASs in 
soils. However, as all of the previously mentioned studies were performed on water and 
not soil samples, the results of this study are currently the most promising data available 
that investigates the possibility of remediation of contaminated soil via destruction and 
not adsorption. 
There are several experiments not included in the low dose studies that still hold 
significance for in situ remediation using eBeam technology. The first and most 
important experiments would study the breakdown products, if any, of PFOA and PFOS 
after they have been broken down using eBeam. Theoretically, relying on the principle 
of reductive dehalogenation, shorter chains could form after parts of the fluorocarbon 
chain have been broken down. Shorter chain PFASs such as PFBS (a four-Carbon 




experiments, which will be further discussed in Chapter IV, are those involving soil field 
samples. These studies would also provide valuable data for possible in situ application 
of eBeam, especially as soil varies so extensively from region to region. Additionally, 
characterizing PFAS breakdown in solid matrices is of utmost importance due to their 























The experiments performed in this study showed near-complete breakdown of 
PFOA, but insufficient breakdown of PFOS. The original hypothesis stated that at 
optimal conditions, PFOA and PFOS would experience complete or near-complete 
breakdown. This was achieved for PFOA, but more studies are needed to determine the 
optimal conditions for PFOS breakdown. Experiments studying the efficacy of eBeam in 
organic solid matrices such as soil are also necessary in order to determine the 






CHAPTER IV: EVALUATION OF HIGH ELECTRON BEAM DOSES FOR 




PFOS is one of the most studied and most prevalent PFASs found in nature and 
human serum.1,2 The lack of complete breakdown of PFOS in samples in Chapter III 
indicated a need for further experiments using higher eBeam doses. Previous literature 
provided evidence that extremely high doses (exceeding 500 kGy) are effective in 
completely breaking down PFOS.83 Using a stainless steel and aluminum boat crafted by 
collaborators in the Department of Mechanical Engineering at Texas A&M, high doses 
with correspondingly high temperatures were applied to lab-spiked water and field soil 
samples.  
As discussed in Chapter III, a dose as high as 500 kGy does not necessarily 
ensure complete breakdown of PFOS. However, the 500 kGy samples were treated by 
building dose in batches (several passes underneath the beam after which cumulative 
dose reached 500 kGy). For the high dose experiments in this chapter, sample containers 
for the experiments in this chapter were designed to allow doses as high as 2000 kGy to 
be applied in one continuous dose of irradiation. The new containers specifically 
accounted for the high-pressure environment created within the sample container during 




within the sample containers to reach 100oC, which we believe aided in the breakdown 
of PFOS.67,87  
We first performed experiments using lab-spiked water and sand samples, which 
were made using working solutions prepared with pure concentrates of PFOA and 
PFOS. Field samples were obtained from a PFAS-contaminated lake in Michigan, USA 
for irradiation at high doses. The underlying hypothesis of this study was that high doses 
of eBeam irradiation, when delivered in one continuous dose, would be capable of 
completely breaking down PFOS and PFOA in water and soil samples.  
 
Materials and Methods 
 
Chemicals, Reagents, and Consumables 
All reagents were purchased from Sigma Aldrich (St. Louis, MO) and were of 
analytical grade. PFASs dissolved in Methanol for preparation of stock solutions or for 
use as analytical standards were purchased from Wellington Labs (Guelph, Ontario). 
High-Density Polyethylene bottles for sample preparation and storage and polypropylene 
bags for transfer were purchased from VWR (Radnor, PA). Alanine dosimeters used for 
dose mapping and reading absorbed dose were purchased from Bruker Scientific LLC 
(Billerica, MA).  
Preparation of Samples 
Lab-spiked samples were prepared using working solutions made with the PFOA 




samples were made by diluting the PFOA/PFOS to the desired concentration; sand 
samples were spiked with water at the desired concentration of PFOA/PFOS, with the 
volume of water added being equal to the mass of the sand (20 g sand spiked with 20 mL 
water). Field samples were retrieved by AECOM; surficial soil samples were gathered 
from a PFAS-impacted lake in Michigan. The amended samples were spiked and pH-
adjusted prior to being dried down to 10% moisture in a laboratory oven overnight at 
75oC (Fischer Scientific IsoTemp 500 Series). Amendments (NaHCO3, NaNO3, and 10N 
NAOH) were prepared at 1M, 0.1M, and 10N respectively. Selection of amendments 
was based on results in Chapter III. Predetermined amounts of each were dispensed into 
each sample to achieve the desired concentration of each amendment.  
eBeam Facility 
All eBeam experiments were performed at the National Center for Electron 
Beam Research (NCEBR), which is located on-campus at Texas A&M University, 
College Station, TX. This facility is used for both research and commercial projects, and 
employs two 10 MeV, 18 kW Electron Beam Linear Accelerators (LINAC). The dose 
each sample received was previously determined through irradiating a sample with 
alanine dosimeters attached for 10-15 seconds. The measured dose received (in kGy) 
from these dosimeters determine the appropriate time needed for the beam to contact the 
samples in order to deliver the desired dose (500 or 2000 kGy). All dosimeters were 







For high dose irradiations, doses were delivered in one continuous session rather 
than making multiple passes underneath the beam on the conveyor belt. For these 
samples, a special setup was created by collaborators in the Department of Mechanical 
Engineering at Texas A&M to allow samples to stay underneath the beam without 



















Samples (soil, water, or saturated sand) were placed inside stainless steel boats, which 
were in turn placed inside the sealed pressure vessel. Piping connected the vessel to a 
secondary aluminum container, which allowed any evaporated water to condense and be 
collected for analysis (Figure 12). Samples were irradiated at either 500 kGy or 2000 
kGy. Between each sample group and at the end of each day, all pipes and containers in 
this setup were flushed with 100% methanol, sanded down, and flushed with methanol a 












To ensure that the presence of any organic compounds did not interfere with the 
LC-MS/MS analysis, both sand and water samples were extracted using SPE (solid 
phase extraction). The water samples, being a relatively straightforward matrix, could be 
extracted immediately after irradiation. The sand samples, which were a mixed 




solid/liquid matrix, had to go through an additional extraction step pre-SPE. This 
extraction involved adding 25 mL of 0.1% ammonium hydroxide in methanol to each 
sample and sonicating for one hour (Branson Model 1800 CPHX series).  After 
sonication, the supernatant was poured into a new bottle and the process was repeated, 
combining the supernatants after the final sonication. The supernatant was then 
sonicated for an additional 30 minutes, after which 1.5 mL of solution was pipetted into 
a 2 mL centrifuge tube. From there, each sample was extracted using SPE. 
 The SPE process involved 1 mL Oasis WAX cartridges purchased from Waters 
(Milford, MA) in a vacuum manifold setup that were conditioned with 0.1% ammonium 
hydroxide in methanol three times followed by 100% methanol three times. After the 
last of the 100% methanol was through the cartridge filter, 1 mL of each sample was 
loaded into the cartridges and low vacuum was used if necessary. After sample loading, 
each cartridge was washed with 1 mL of 25 mM ammonium acetate, then dried for 3-5 
minutes with vacuum. After each cartridge was completely dried, elution with 1 mL of 
0.1% ammonium hydroxide in methanol was completed with low vacuum. The elution 
was collected in a separate vial and immediately covered with Parafilm before being 
transferred to 250 µL vials for LC-MS/MS analysis. 
LC-MS/MS Analysis 
PFOS and PFOA were identified and quantified on a triple quadrupole mass 
spectrometer (Altis, Thermo Scientific, Waltham, MA) attached to a binary pump HPLC 




reaction monitoring (SRM) transitions were identified at a direct infusion rate of 5 













PFOS Negative 499.000 79.917 34.87 137 
PFOA Negative 413.000 368.988 10.23 42 
 
Table 4. Quantitative SRM Transitions for compounds 
 
SRM describes the precursor and product ions formed during the two fragmentation 
stages of LC-MS/MS. This process allows for the operator to select fragments (described 
as m/z, or mass/charge) that will result in the least amount of “noise”, and therefore 
provide results that are easier to interpret. 77 
The injection volume was 10 µL. Chromatographic separation was achieved on a 
Hypersil Gold 5 µm 50 x 3 mm column (Thermo Scientific) maintained at 30 °C using 
an 8-minute solvent gradient method. The flow rate was 0.5 mL/min, with sample 
acquisition performed by TraceFinder 3.3 (Thermo Scientific). Analysis results were 







Figure 14 shows the reduction of PFOS in lab-spiked water samples at doses of  
500 kGy and 2000 kGy, with and without amendments. At 500 kGy, the mass of PFOS 
in the unamended sample decreased by 21.8%, and at 2000 kGy the mass in the 
unamended sample decreased by 96.6%. At 2000 kGy, the amended sample only  



















The sand samples showed 97-100% PFOS destruction at all doses, and both with and 
without amendments (Table 5). Both samples treated at 2000 kGy collected from the 
stainless-steel boats showed that PFOS had been degraded to below the detection limits 
of the LC-MS/MS (detection limit is 0.025 ng/g). 
Table 5. Destruction of PFOS at 500 and 2000 kGy with and without amendments 
  
The IDW samples gathered in Michigan were analyzed using a longer list of 
analytes in order to provide the background levels of all PFASs present in the samples 
and/or identify breakdown products. Table 6 shows that the 10% moisture-adjusted 
Sample Group Sample PFOS in sample 
(µg) 
% Reduction  
 
500 kGy- amended 
Control 189.7 ____ 
eBeam 2.27 98.80 
 
Condensate 2.20 98.84 
 
 
2000 kGy- amended 
 
Control 201.25 ____ 
eBeam 0.02 ~100 




Control 197.15 ____ 
eBeam 0 100 




samples experienced an average of 96.6% breakdown across all detectable compounds. 
PFBS showed the least amount of breakdown in this sample group at 72.65% 
destruction. Nine of the fifteen compounds were undetectable post-irradiation. 
Unamended samples saw an average of 93% reduction in all detectable compounds. 
PFOS saw the least amount of degradation in this sample group at 76.99%. Seven out of 

























Unamended Samples 10% Moisture-Adjusted 
Samples 
Mass (µg) % 
Reduction 
Mass (µg) % Reduction 
4:2 FTS 0.288 0 100 0 100 
6:2 FTS 3.66 0.25 93.17 0 100 
8:2 FTS 3.72 0.567 84.78 0 100 
L-PFBA 1.63 0.132 91.89 0.23 85.88 
L-PFBS 1.14 0.132 88.43 0.312 72.65 
L-PFHxA 3.01 0 100 0 100 
L-PFHxS 5.45 0.845 84.53 0 100 
L-PFOA 2.81 0.22 92.19 0.232 91.74 
L-PFOS 39.7 9.13 76.99 0.0376 99.91 
PFDA 0.0486 0 100 0 100 
PFHpA 2.31 0 100 0.0095 99.59 
PFHpS 0.223 0.0363 83.7 0 100 
PFNA 0.312 0 100 0 100 
PFPeA 9.68 0 100 0.0238 99.75 
PFPeS 2.11 0 100 0 100 





Figure 15 highlights the breakdown of PFOA and PFOS in the unamended and 10% 
moisture-adjusted sample groups. When an independent student t-test was performed on 
each sample group compared to control (95% confidence interval), all sample groups 
were found to be significantly different from their respective control groups (p < 0.05). 
However, the unamended and 10% moisture-adjusted samples were not significantly 
different from each other when examining the destruction of both PFOA and PFOS (p > 
0.05).  
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Figure 14. Breakdown of PFOA and PFOS at 2000 kGy with and 







The results of the lab-spiked water and sand show that at 2000 kGy, eBeam 
technology is capable of completely breaking down PFOS. Interestingly, the unamended 
samples experienced more degradation of PFOS than the amended samples. However, 
Trojanowicz et al. recently showed that at concentrations as low as 10 ng/mL, the 
presence of nitrate can inhibit the desulfonation of PFOS during eBeam irradiation.88 
This is significant because the sulfonate functional group is a major contributing factor 
to the versatility and strength of the PFOS molecule in water.89 Based on these results, 
the nitrate and carbonate amendments were not included in subsequent experiments. As 
previously mentioned, we also postulated that high temperatures reached during high-
dose irradiation would help mediate further breakdown of PFOS. The results of the 
thermocouple data from the lab-spiked sand experiments showed that the maximum 
temperatures reached at each dose (100oC for 500 kGy and 520oC for 2000 kGy), and 
that the temperature remained higher for much longer for the 2000 kGy samples. 
Temperatures began to decline to below boiling at approximately 90 seconds during the 
500 kGy run, whereas temperatures remained above 300oC even after 6.5 minutes during 
the 2000 kGy run.  
The complete breakdown of PFOS in lab-spiked sand samples at 2000 kGy 
(Figure 15) led us to hypothesize that the same dose would be equally as effective in 
IDW (investigation-derived waste) soil samples. The amendments for the 10% moisture-




showed a direct relationship between PFOS breakdown and increasing pH.83 
Additionally, sulfonates are known to be stable at mildly acidic conditions.90 This is 
especially relevant as pH readings taken of pure water samples spiked with PFOS 
showed the average pH to be 5.25 (Appendix B). Although the unamended sample group 
and the 10% moisture-adjusted sample group were not shown to be significantly 
different from each other, the latter was the only group to show complete breakdown of 
PFOS (Figures 14 and 15). These results suggest that at high doses, eBeam technology is 
most efficient for PFOS breakdown at low moisture content and high pH.  
The results of the IDW soil sample irradiation also show that at 2000 kGy, all 
other detectable PFASs experienced significant reduction (Table 4). All fluorotelomer 
precursors (FTS) were completely broken down. These precursors are raw materials 
used during the manufacturing of PFASs and can degrade into various PFASs such as 
PFOA.91  All of the longest-chain PFASs included in the analysis (PFNA, PFPeA, and 
PFPeS), all of which had 9 or more carbon atoms in their fluorocarbon chain, were also 
completely degraded. We hypothesized that some of the shorter-chain PFASs might be 
breakdown products of PFOA and PFOS, and although this was not conclusively proven 
through our experiments, the breakdown of PFBA and PFBS in both sample groups still 
shows the effectiveness of the technology. These results are noteworthy because 
although PFOA and PFOS are the most studied PFASs, shorter-chain molecules such as 
PFBS can still be toxic in humans and animals.35,40 However, it is still important that 
such breakdown products be identified to completely understand the broader impact of 




Future studies should focus on ensuring that the environmental conditions 
(amendments, temperature, moisture content) that mediated the complete breakdown of 
PFOS are replicable and suitable for soil samples from contaminated sites across the US. 
More field samples from a diverse selection of geographic locations should be obtained 
and exposed to eBeam technology in order to provide a more robust set of data. These 
experiments, if successful, would show that eBeam technology has even greater potential 
for site remediation of PFASs. Additionally, more experiments need to be designed 
specifically to elucidate the breakdown mechanisms of PFOA and PFOS. Obtaining this 
information would provide the opportunity to amend samples appropriately in order to 




This study was designed to improve upon the dose delivery of eBeam irradiation, 
allowing temperature to increase along with a continuous deposition of dose. We 
hypothesized that this method, along with amendments such as pH 13, would result in 
the complete breakdown of PFOS. The results showed complete breakdown of PFOS at 
all samples irradiated at 2000 kGy, as well as demonstrating the efficacy of this method 
in IDW soil samples low moisture content (10%) and pH 13. These results, though 
encouraging, are not yet sufficient for showing eBeam technology’s applicability in all 
contaminated solid matrices. More studies with a wider variety of solid field samples as 




eBeam technology is suitable for in situ or pump-and-treat application for contaminated 




CHAPTER V: CONCLUSIONS 
  
This research aimed to identify and create the optimal conditions for complete 
breakdown of both PFOA and PFOS is liquid and solid matrices. The results indicate 
that PFOA can completely break down at a minimum dose of 50 kGy with the following 
amendments: additives NaNO3 and NaHCO3, pH 13, and anoxic conditions. PFOS can 
completely break down at 2000 kGy without amendments in water and at 10% moisture 
content and pH 13 in soil.  
In these experiments, we proposed the use of electron beam (eBeam) technology 
as a means of destroying PFOA and PFOS in contaminated water and soil. This 
technology was chosen based partly on previous literature,59,92 as well as its ability to 
deliver a consistent dose of ionizing radiation without much maintenance required once 
the proper dose has been determined (compared to exchanging spent GAC or fouled 
membrane filters).3,12 eBeam has also been used as a means of treating other forms of 
contamination, including estrogenic compounds and heavy metals.3,12 Based on these 
advantages, we decided to use eBeam technology to break down PFOA and PFOS.  
Initial studies were planned to examine the use of lower doses (10 kGy and 50 kGy) on 
lab-spiked water and sand samples. The findings led us to conclude that a 50 kGy dose 
of irradiation combined with NaNO3, NaHCO3, pH 13, and anoxic conditions were 
sufficient to fully break down PFOA. However, PFOS was not broken down more than 
~40% using these means. Therefore, we concluded that higher doses of irradiation 




A subsequent study was planned to investigate the effects of much higher doses of 
irradiation delivered in a continuous stream rather than in batches as in the Chapter III 
experiments. The same additives and conditions were tested at 500 kGy and 2000 kGy, 
with 2000 kGy being the more effective dose. It was also discovered that at the higher 
doses, additives actually hindered the breakdown process by preventing the 
desulfonation of PFOS.90 Additionally, these results showed a direct relationship 
between increase in temperature and PFOS destruction. Breakdown exceeding 96% in 
PFOS was achieved in lab-spiked water and sand without additives.  
Based on these findings, we decided to move forward with IDW soil samples 
collected from a contaminated site in Michigan, USA. To determine the importance of 
certain conditions for the reactions triggered by the irradiation, some of the samples 
were left in the state we received them in, while others were dried to a moisture content 
of 10% and adjusted to pH 13. The samples in the both groups showed statistically 
significant breakdown of both PFOA and PFOS, with those in the latter group yielding a 
complete breakdown of PFOS (>99.9%). 
With these results in mind, several future studies still need to be performed in 
order to perfect the methods and determine the applicability of eBeam technology in 
situ. Firstly, any breakdown products created during the irradiation process must be 
identified. It is of utmost importance to confirm that this remediation method does not 
create new toxins. Secondly, confirming the exact breakdown mechanism will be 
invaluable in creating the optimal conditions for a variety of PFAS remediation 




other major PFASs such as PFHpA will allow researchers to continue working towards 
remediating all PFASs. Another significant area of research is the combination of eBeam 
with other existing methods such as GAC. Although removal methods have already been 
successfully implemented for large-scale remediation, a current gap in literature is how 
combining methods such as GAC and AE resin with eBeam could improve the removal 
and/or destruction of PFASs. Lastly, the importance of scaling up the treatment to 
possibly remediate entire areas cannot be understated. As the overarching goal for all of 
this research has been to fully remediate PFAS-contaminated materials, future studies 
must include large-scale treatment.  
The results of the low-dose and high-dose studies fill a gap in literature for a 
multi-faceted and robust method that is capable of completely breaking down both 
PFOA and PFOS in liquid and solid matrices. The widespread contamination of these 
chemicals as well as their inability to degrade naturally makes any non-toxic and 
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